We demonstrate experimentally new families of vector solitons with locked and precessing states of polarization for fundamental and multipulse soliton operations in a carbon nanotube mode-locked fiber laser with anomalous dispersion laser cavity.
Introduction
Polarization dynamics in lasers (including gas, solid state, semiconductor, dye and fiber lasers) have been intensively studied for more than two decades in the context of various applications in fiber optic communication, fiber optic sensors, material processing (cutting, welding etc.) and nanophotonics (manipulation of asymmetric particles) [1] [2] [3] [4] . In such systems two laser modes with the same longitudinal and transverse spatial patterns and different polarization states, frequencies, and amplitudes interact through the gain sharing, phase-and amplitude selective nonlinear processes (Kerr nonlinearity) and in-cavity components (polarizers, polarization controllers etc.). As a result of the interaction, different polarization patterns have been found including polarization chaos [5] [6] [7] [8] [9] [10] . In fiber lasers, due to long cavity length and wide gain bandwidth, typically, a large number of modes are generated. This leads to stochastic polarization dynamics as a result of spontaneous modelocking [9, 10] . However, implementation of passive or active mode-locking techniques results in suppression of stochastic dynamics and so regular dynamics in the form of dissipative solitons were observed [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Dynamics and stability of solitons on a longer time scale (at the level of thousands of cavity round trips) is well governed by round tripbased Poincaré mapping [14] and the corresponding theory of dynamical systems leading to different "attractors" (fixed point, periodic, quasi-periodic, chaotic) [15] [16] [17] . The vectorial nature of the DSs has been observed in Fast Polarization Rotating or Locked Vector Solitons (PRVS and PLVS) [18] [19] [20] [21] [22] [23] [24] [25] [26] . In PLVS pulses are locked to a fixed elliptically polarized state [18-21, 24, 25] while PRVSs have demonstrated different types of anti-phase dynamics for cross polarized SOPs with a period of a few round trips [21] [22] [23] . Note that information about the phase difference between orthogonal SOP was missed and so observed polarization dynamics of VS's can't be related to any polarization attractor. In our previous papers, we have experimentally characterized polarization attractors in erbium doped fiber laser mode locked with carbon nanotubes [25, 26] . In a fundamental soliton operation, we have found polarization attractors in the form of fixed point, single and double semi-circles on the surface of the Poincaré sphere [25, 26] .
In this work we report to the best of our knowledge a first complete experimental characterization of new families of vector solitons in a carbon nanotube mode-locked fiber laser with anomalous dispersion laser cavity. Experimental data has been collected using an in-line polarimeter. By tuning an in-cavity polarization controller (POC) and POC for the pump laser (Fig. 1) 
Experimental set-up and results
The experimental setup is shown in Fig. 1 . The ring cavity fiber laser with a total length of 7.83m comprises 2 m of high concentration erbium doped fiber (LIEKKI TM Er80-8/125) and single mode (SM) fiber with anomalous dispersion (group velocity dispersion (GVD) parameter for erbium fiber β 2,EDF = −19.26 fs 2 /mm,), polarization controllers (POCs), wavelength division multiplexing (WDM) coupler, optical isolator (OIS) to provide unidirectional lasing, saturable absorber (polymer film with carbon nanotubes (CNT)), and output coupler. The CNT mode-locker is embedded between two standard fiber connector ferrules and index matching gel is applied to minimize the transmission loss. The cavity is pumped via 980/1550 WDM by a 976 nm laser diode (LD) with a maximum current of about 355 mA which provides 170 mW of optical power. With the help of a 90:10 coupler 90% of the intracavity power was directed out of the cavity. Output lasing has been analyzed with help of an auto-correlator (Pulsecheck), oscilloscope (Tektronix), optical spectrum analyzer (ANDO AQ6317B) and in-line polarimeter (Thorlabs, IPM5300). 
In the experiment, pump current has been changed from 209 mA to 355 mA and the incavity polarization and pump polarization controller have been tuned to obtain the polarization attractors shown in Figs. 2-5. In view of auto-correlator sensitivity to the input SOP, all auto-correlation traces have been averaged over 16 samples.
The experimental results for the pump current of 209 mA are shown in Fig. 2(a-f) . The output optical spectrum shown in Fig. 2(a) is centered at 1560 nm and the Kelly sidebands indicate the fundamental soliton shape of the output pulses. A typical pulse train shown in Fig. 2 (b) has period T = 38.9 ns and so a repetition rate of 25.7 MHz. The fundamental soliton shape of sech 2 (t/T p ) matches the measured autocorrelation trace with the pulse width T p = 455 fs (Fig. 2(c) ). By rotating in-cavity POC we increase the cavity's anisotropy and so we observed a vector soliton locked nearby the linearly polarized SOP at the surface of the Poincaré sphere (Fig. 2(d-e) . Output power of the observed PLVS is 0.15 mW, phase difference ϕ π Δ ≈ and DOP = 61%. Thus, the PLVS shown in Fig. 1 can be related to the polarization attractor at the Poincaré sphere in the form of a fixed point. With pump current increased to 306 mA, multi-pulsing was observed (Fig. 3) . The multipulsing arises as a result of interplay between the laser cavities' bandwidth constraints and the energy quantization associated with the resulting mode-locked pulses [17] . The mode-locked pulse has increasing peak power and spectral bandwidth with increased pump power. However, the increase in the mode-locked spectral bandwidth is limited by the gain bandwidth of the cavity. To overcome this constraint with further increasing the pump power, a single pulse is split into two pulses per round trip with energy divided between two pulses and spectral bandwidths within the gain bandwidth window. As a result, double pulsing with the period T = 38.9 ns, pulse width T p = 247 fs, and output power I≈0.55 mW has been observed ( Fig. 3(a-d) ). Anti-phase dynamics of oscillations for two cross polarized SOPs results in cw operation for the total output power (Fig. 3(d) ). DOP oscillations around a low value of 12% indicate the presence of SOP oscillations faster than the polarimeter resolution time of 1 µs ( Fig. 3(e) ). The trace of the fast oscillations can be found in Fig. 3 (e) as fast phase difference jumps and so the resulting polarization attractor at the Poincaré sphere comprises a polyline winding around a circle (Fig. 3(f) ). This attractor is located close to the left circularly polarized SOP which is an eigenstate for isotropic laser along with the right circularly polarized SOP and all linearly polarized SOPs (equator at the Poincaré sphere) [5] . Further pump power current increase up to 320 mA results in five-pulse soliton dynamics with with period T = 38.9 ns, pulse width T p = 292 fs, output power I≈0.65 mW (Fig. 4(a-d) ). As follows from Fig. 4(c) , output laser SOP is changing fast and so averaging over 16 samples is not enough to obtain smooth fundamental soliton shape of the autocorrelation trace. Anti-phase dynamics of oscillations for two cross polarized SOPs results in weak periodic oscillations of the total output power (Fig. 4(d) ). As compared to Fig. 3 , DOP is oscillating around the higher value of 30% that also indicates the presence of SOP oscillations faster than polarimeter resolution time of 1 µs (Fig. 4(e) ). The trace of the fast oscillations can be also found in the phase difference dynamics shown in Fig. 4(e) . As a result of the fast phase jumps between cross polarized SOPs and slow SOP precessing, the polarization attractor at the Poincaré sphere comprises a polyline with an outline in the form of a circle (Fig. 4(f) ). This attractor is located close to the equator at the Poincaré sphere which is an eigenstate for an isotropic laser [5] .
With a pump current increased to 355 mA, output dynamics takes the form of a two-pulse harmonic mode-locking operation (Fig. 5(a-d) ) with period T = 20 ns, pulse width T p = 228 fs, output power I≈0.8 mW (Fig. 4(a-d) ). Anti-phase dynamics of the output power of twocross polarized modes result in operation of the total output power close to cw (Fig. 5(d) ). DOP and phase difference are almost stabilized and so weak oscillation has been observed around 30% and 0.2 π (Fig. 5(e) ). Thus, the vector soliton shown in Fig. 5 can be related to the polarization attractor at the Poincaré sphere in the form of a limit cycle (Fig. 5(f) ). In view of the unequal powers for two cross-polarized SOPs, this attractor corresponds to the case of a strong anisotropy created by in-cavity POC. As follows from Figs. 2-5, phase difference dynamics indicate the presence of coherent coupling between cross-polarized SOPs through the gain sharing and pump and in-cavity polarization controllers similar to the polarization dynamics of single-and multi-mode lasers without a saturable absorber [5] [6] [7] [8] [9] [10] . It is well known from the theory of nonlinear coupled oscillators that weak coupling leads to a complex behavior, and increasing the coupling leads to stabilization of the behavior, i.e. coupled attractors approach a stable steady state [27] . The coupling is determined by pump power, amplitude and phase anisotropy of the cavity caused by polarization controllers. Complex polarization attractors in Figs. 3 and 4 are the result of a weak coupling caused by isotropic cavity. Stabilization takes place with an increased amplitude and phase anisotropy in the cavity and leads to the more simple attractors in the form of the fixed point and the limit cycle (Figs. 2 and 5 ).
Conclusions
Using an in-line polarimeter for erbium doped fiber laser passively mode locked with carbon nanotubes, we demonstrated for the first time new types of vector solitons with locked and slowly evolving states of polarization on a time scale of 40-40000 round-trips for fundamental soliton and multipulsing operations. The obtained results can find a practical implementation in secure communications [1], trapping and manipulation of atoms and nanoparticles [2, 3] and vectorial control of magnetization [4] .
